We have cloned and characterized a new member of the bone morphogenetic protein/transforming growth factor b (BMP/TGFb) superfamily, growth differentiation factor 11 (Gdf11), from rat incisor pulp RNA by reverse transcription-polymerase chain reaction using degenerate primers. The mature carboxyl-terminal domain encoded by Gdf11 is most closely related to Gdf8, being 90% identical to the mouse gene. Northern blot analysis revealed Gdf11 is expressed in adult dental pulp and brain. In situ hybridization of sections and whole-mount embryos demonstrated Gdf11 is first strongly expressed in restricted domains at 8.5 days post coitus (dpc) when it is highest in the tail bud. At 10.5 dpc, it is expressed in the branchial arches, limb bud, tail bud and posterior dorsal neural tube. Later, it is expressed in terminally-differentiated odontoblasts, the nasal epithelium, retina and specific regions of the brain.
Members of the bone morphogenetic protein (BMP)/ transforming growth factor (TGFb) superfamily have been implicated in early embryonic patterning, as well as cell adhesion, proliferation, differentiation and apoptosis during development, and later in control of tissue regeneration and repair (Hogan, 1996; Reddi, 1997) . BMP/TGFb proteins are hetero-or homo-dimeric proteins synthesized as larger precursors, which are processed to produce the biological active carboxy-terminal domain of 110-140 amino acids. The mature region is highly conserved between family members and has seven cysteine residues (Kingsley, 1994) . The BMP/TGFb superfamily genes are expressed in many different organs and tissues, including those in which reciprocal interactions between epithelial and mesenchymal cells are important for morphogenesis and differentiation (e.g. in kidney, lung, tooth and hair) (Hogan, 1996) . Various BMP/TGFb superfamily members are expressed throughout neural development within discrete regions of the nervous system. In Xenopus embryos, BMPs have been shown to induce ventral mesoderm and inhibit the formation of neuroectoderm during gastrulation. In contrast, many studies have shown that within the neural tube, they act apparently in a graded manner by cooperating with other molecules to promote the differentiation of dorsal and intermediate cells (Mehler et al., 1997) . During tooth development, members of the BMP/TGFb superfamily regulate the early steps of tooth morphogenesis, and differen- tiation of odontoblasts and ameloblasts (Thesleff and Sharpe, 1997) . A systematic search for novel signaling molecules expressed during odontoblast differentiation was performed using rat incisor dental pulp RNA as a template for reverse transcription-polymerase chain reaction (RT-PCR) with degenerate primers based on the conserved mature region of BMPs and Gdfs. A novel member of the BMP/TGFb superfamily was identified, which we name Gdf11. The rat clone was used to clone a mouse Gdf11 cDNA from a 15.5 dpc embryo cDNA library.
The predicted amino acid sequence of the rat and mouse Gdf11 cDNAs, and a comparison to mouse Gdf8 are shown in Fig. 1 . Like other members of the BMP/TGFb superfamily, Gdf11 protein has seven conserved cysteine residues. In the mature region (111 amino acids) Gdf11 is most closely related to Gdf8, with 90% amino acid sequence identity to the mouse gene. Rat Gdf11 has 88% identity to Gdf8 in the mature region. A potential processing site is identified as RSRR in Gdf11 and Gdf8. Gdf8 has been implicated as a negative regulator of muscle development and is also known as Myostatin (McPherron et al., 1997) .
Northern blot analyses of RNA from a number of rat adult tissues revealed an approximately 4.4kb Gdf11 transcript predominantly expressed in dental pulp and brain (Fig. 2) . Whole-mount RNA in situ hybridization analysis of early mouse embryos showed Gdf11 expression primarily in the tail bud and limb buds (Figs. 3 and 4). In 7.5 dpc embryos, Gdf11 was only weakly detected apparently throughout the embryos (data not shown). In contrast, at 8.5 dpc, Gdf11 expression was most prominent in the dorsal neural folds and mesenchyme of the tail bud (Fig. 3A ,B,G,J). At 9.5 dpc the distribution of Gdf11 was restricted to the posterior dorsal neural tube and tail bud (Fig. 3C,I ,K), where expression persisted until beyond 12.5 dpc (Fig. 3D ,E,F,LM). The developing maxillary process, mandibular arch and hyoid arch also expressed Gdf11 at 10.5 dpc (Fig. 3D) .
During limb development, Gdf11 expression was first detected at 10.5 dpc in the ectoderm and adjacent mesenchyme with the dorsal aspect of the forelimb being stronger than ventral (Fig. 4A ). By 11.5 dpc, higher levels of Gdf11 transcripts were seen in the posterior region of the limb (Fig. 4B) . By 12.5 dpc, regions of condensed mesenchyme, which will eventually become the digits, and looser interdigital mesenchyme can be distinguished in the developing limbs. Gdf11 was localized in the paw ectoderm and underlying mesenchyme (Fig. 4C,D) , and some regions of loose interdigital mesenchyme ( Fig.  4C-F) where there is normally a high rate of programmed cell death (Hogan, 1996) . During tooth development, Gdf11 expression was first detected very weakly in preodontoblasts at the late cap stage (15.5 dpc; Fig. 5A,B) . By 1 day postnatally the odontoblasts differentiate terminally to form dentin, and Gdf11 was found to be expressed at higher levels in the terminally differentiated odontoblasts (Fig. 5C,D) .
Gdf11 expression was observed in the nasal epithelium at 12.5 dpc and was stronger at 15.5 dpc (Fig. 6A,B ) and continued to be expressed into the adult. Expression in the developing eye could be detected in the inner layer of the optic cup at 10.5 dpc (data not shown). At 15.5 dpc, Gdf11 expression was detected in the outer layer of the neural retina and weakly in the lens (Fig. 6C,D) .
It is noteworthy that Gdf11 also was expressed in regions of the embryonic and adult brain. At 12.5 dpc (Fig. 7A,B) , expression was seen in the thalamus. At 14.5 dpc (Fig. 7C-F and data not shown), Gdf11 was also detected in the hippocampus, striatum, preoptic area, outer layer of the inferior colliculi and various nuclei in the ventral midbrain and anterior hindbrain. By 16.5 dpc, Gdf11 expression was also detected weakly near the Purkinje cell layer of the cerebellum (data not shown). There also appeared to be Gdf11 expression in the fornix at all embryonic stages analyzed ( Fig. 7A-H) . In the adult, strong expression of Gdf11 was detected in the thalamus (Fig. 7I,J) and Purkinje Fig. 1 . Predicted amino acid sequence of rat and mouse Gdf11 compared with mouse Gdf8. The putative proteolytic processing site (RXXR) and consensus N-glycosylation signals are denoted in red and by black underline, respectively. The 5′-end which encodes the first methionine and the signal peptide is missing. The seven cysteine residues are conserved (in blue). The GenBank accession numbers for rat and mouse Gdf11 are AF092733 and AF092734, respectively. Fig. 2 . Northern blot analysis for Gdf11 in rat adult tissues from 3 to 4 weeks of age (lanes are: 1, dental pulp; 2, heart; 3, kidney; 4, testis; 5, brain; 6, lung; 7, spleen; 8, liver). Two micrograms of poly(A) + RNA were used for hybridization with a rat Gdf11 cDNA probe (0.39 kb, EcoRI/PvuII fragment). A 4.4 kb Gdf11 band is predominant in dental pulp and brain. cell layer (Fig. 7K,L) . Weaker expression also was seen in regions of the hippocampus (Fig. 7I,J) and scattered cells in the midbrain and hindbrain (data not shown).
Materials and methods
RNA preparation, DNA cloning and DNA sequencing was performed as previously described (Toyono et al., 1997) . In brief, the apical portion and the entire pulp of rat incisors was isolated, and first-strand cDNA was prepared from poly(A) + RNA. One set of degenerate primers based on the conserved amino acid alignment of the mature region of activins and BMPs (Dr. S.J. Lee, Johns Hopkins University, pers. commun.) were used; SJL160
Cycles of PCR were carried out at 94°C for 1 min, 50°C for 1 min, and 72°C for 2 min for 40 cycles, followed by extension at 72°C for 10 min. PCR products of approximately 280 bp were cloned into the pCRII cloning vector (TA Cloning Kit, Invitrogen, San Diego, CA). Colony hybridization was performed using a mixture of inhibin/activinbB, BMP2, 3, 4, 5, 6, 7 and 8 probes (gift from Dr. S.J. Lee) to identify novel genes of the BMP/TGFb superfamily. 5′-RACE of Gdf11 was done using the 5′-RACE system for rapid amplification of cDNA Ends (BRL) according to the manufacturer's protocol using the Gdf11 specific primer MN3 (5′-ACCAAGTGGGTGTGTGGATACTTT-TG-3′) for a first strand synthesis and the Gdf11 nested primer MN-4 (5′-CACACTGGCCGGAGCAGTAATT-3′). PCR reamplification was further performed with MN4 and the Universal Amplification Primer (UAP). Approximately 1.6 × 10 6 clones from a random-primed mouse 15-day embryonic cDNA library (Clontech) were screened using a 660-bp DNA fragment generated by PCR amplification of the rat first strand cDNA using MN8 (5′-gatgaattc-GAGCTGCGCTGCTGGGGAGCATCAAGTC-G-3′) and MN9 (5′-cgggaattcGTTCTCTAGAA-CTCGAA-GCTCCAT-3′). Positive clones were subcloned into pBluescript II KS(−) and sequenced.
Northern blot analysis was performed as previously described (Nakashima et al., 1994) .
Whole-mount RNA in situ hybridization and section in situ hybridization was carried out as described previously (Platt et al., 1997) . For whole-mount RNA in situ experiments the mouse Gdf11 cDNA (1.6 kb) linearized with BamHI was used as a probe. The whole-mount embryos were embedded in Tissue Tek and cryosections (14-16 mm) were counterstained with Fast Nuclear Red. For radioactive section RNA in situ studies, a mouse 660 bp PCR product of the proregion was amplified with the MN8 and MN9 primers.
